Abstract. This paper discusses dynamic stability and performance of current control scheme for parallel connection of pulse-width modulated (PWM) voltage source converters (VSCs) fed by distributed energy recourses (DERs) across the distribution level of power grid. The controller has feedback compensation and limits the current harmonics while featuring fast regulation for multi-converter system. The controller enables islanded and grid-connected operations of DERs, dynamically. The load dynamics will be included in the stable control loop to provide perfect regulation of the voltage at the point of common coupling (PCC). The current controller is tested under the considerations of system delays. In the islanded mode, one of the controllable units provides voltage and frequency control as a master controller and the other units operate based on the grid-connected control strategy. The stability assessment of the system is presented based on a detailed simulation. The simulation results show that the controller for the islanded two-parallel controllable DER can ensure the stability of the system when converters are tied together. In the other hand, the weakness of the current control based method is drawn out while mismatch coupling condition.
Introduction
The controllable distributed energy recourses (DERs) are interfaced to the grid through power electronics (PE) controllers and energy storage systems [1] . In this context, the controllable unit can operate in grid-connected mode or islanding mode and benefits both the grid and user ends such as an autonomous AC microgrid [2, 3] . Stability of microgid in islanded mode and seamless transition between two main modes are prerequisite of modern electric supplies and auxiliary power distribution system in smart grid. Development of microgrid in such systems depends on the arrangement of interfacing converters [4] [5] [6] .
Microgrid with interfacing multi-converter system is advantageous since a multiple DER significantly improves failures [7] . Compared to a single unit, the multi-converter system could have more capacity and control flexibilities to ensure system requirement respect to the reliability and power quality (PQ) in case of feeding largely nonlinear loads. Energy management is another opportunity for optimizing the renewable systems through the hybrid controllable DERs, leading to increased energy efficiency and lower hardware costs [7] .
The most important problem in the radial configuration under presence of multiple DER units is the complexity of the control system. In this context, the plug and play feature is the key to ensure that the installation of additional interfacing inverters will not change the stability of exiting units in the system. An efficient approach to realize such performance is the frequency control by the terms parallel operation of inverters, which was firstly introduced in [8] for parallel uninterruptible power supply (UPS) applications. Obviously in such a complex system the stability analysis of this control system is an important issue as discussed in [9] subject to technical issues.
From the point of view of stability, conventional methods cannot ensure the stable operation of autonomous systems, the high depth of penetration of distributed units necessitates control provisions for autonomous operation of different kinds of distributed generation [10] . The autonomous operation of multi-converter system requires complicated controller because of uncertainties in such a multi-input multi output (MIMO) system. Consequently, all of the previously discussed methods are effective just in a limited range of operation which addresses the term "control bandwidth" [11] .
Bear in mind, most renewable sources such as photovoltaic cells and small wind turbines are likely lowpower capacities at a low-voltage, this type of microgrid is considered in this paper. In a low-voltage (LV) microgrid, the power control is subject to weak transient due to the power coupling among different units when additional inductance is not exited, and it is highly affected by the coupling condition in existence of coupling inductance or LCL filter [12] . Regarding the dynamic stability, the different impedances between converters and the mismatch between different prototypes affect the stability of the system during grid-connected operation mode [13] and the power sharing during islanding mode [14] .
The reactive power accuracy is further weakened if local loads are at the converter terminals. The virtual power frame transformation is presented [15] in order to avoid the power control coupling. Another way to avoid the power coupling is to control the inverter with virtual impedance method [16] . Taking to account that this method could increase the reactive power control and sharing error due to the increased impedance voltage droops. Furthermore, this method does not incorporate load dynamics in the droop control loop [17] . The decoupling error method using additional control was proposed to improve the reactive power sharing accuracy [18] . However, in this method increased control complexity and harmonic current could be disadvantages, especially in presence of distorted load current. A comprehensive control strategy for the fast load changes in the autonomous operation mode of inverter is presented in [19] . This method is for an islanded converter system based on load dynamic. The multi-converter structure increases the complexity of power and voltage control. In this direction, wireless communication is the key to the arrangement of controllers. In addition, power and frequency droop power control methods have been implemented in order to realize dispatchable characteristic of the system [6] . This paper investigates performance and stability evaluation of grid connection and islanded modes of parallel DER interfacing inverters. Based on the employed control strategy, one of inverters fulfills voltage and frequency control as a master controller for the whole system and other units regulate the delivered power in order to maintain constant average active and nonnative components of demanded power by slave controllers.
A DER unit that is equipped by the master controlled inverter is likely a matchable distributed resource with "plug and play" performance, practically offshore wind, while the slave controlled units are fairly fixed generations to supply a fix amount of load demand such as energy storage units. The matchable (operating for peak matching and load following) unit is employed to quickly stabilize the distribution system upon disconnection of the grid. In fact, the slave unit or fixed power unit is as a dynamic load and source of disturbance for the master controller. In this paper, the controller of [19] is used by the master controller and the method of [20] is used by the slave controller.
The extraction of the control signals is done in synchronous reference frame (SRF). The performance of the controller respect to the uncertainties is tested based on the time and frequency-domain analysis on a lowvoltage (LV) microgrid system. Smooth transition to the autonomous mode is explored as well. The system operation in different cases is proved through simulation studies, in the PSCAD/EMTDC software environment, conducted on a detailed switched model of VSCs in a lowvoltage multi-unit microgrid. 
System Structure
The test system as shown in Fig. 1 ; consists of two controllable DER units employed in the microgrid connected to the utility at the point of common coupling (PCC). The microgrid can be disconnected from the main grid after half a cycle in the utility interruption or any event. Each controllable unit includes an energy source, an energy storage system, and a grid-interfacing VSC. In Fig. 1 , Unit-1 has a master controller for voltage and power support, and Unit-2 is adjusted by the current control scheme. The microgrid can operate in gridconnected or islanding mode. In the grid-connected operation, the microgrid is connected to the utility, and the DER systems in the microgrid provide the local loads as well as power support for the whole grid. Once transferred to islanding operation, the DERs must immediately share the changed power demand and continue supplying power to all kinds of loads within the microgrid.
In the presence of a data communication from a central control unit to the converter units, advanced synchronization that guarantees a perfect match of both voltage magnitude and phase angle could be realized, where the synchronization reference signal can be sent from the central control to the controller [21] . The LC filter is used for voltage disturbances of each unit and the series inductance also represents the leakage inductance of the coupling transformer. Parameters of the multi-unit system are summarized in the Appendix.
A. Dynamic Modelling
In the grid-connected mode by the multi-converter system is dominated by the grid while in islanded mode the impedance seen from feeder is active (Fig. 2) . The drawn part of the microgrid of Fig. 1 includes currentcontrolled VSCs in which control block diagram in the dq frame is outlined in the following section. The employed control method is carried out in the d-and qaxis models of the VSC AC-side dynamics considering the coupling terms [19] . The Proportional-Integral (PI) compensators in both d-and q-axis are used properly in the decoupling scheme [22] . Further, the feed-forward scheme is provided to mitigate the impact of voltage and load disturbances on two axis currents; i d and i q . In the feed-forward loop, dynamics of the system is considered as a filter which can be tuned based on the performance of transducers and data communication system as well as noise filters. The PI compensators in d and q axis respectively h d (s) and h q (s) are defined same in this case as follows. Where k p and k i are proportional and integral parameters of the compensator. The transfer function in SRF for current controller is selected based on the first order transfer function in [19] which is given in (2).
Then, Laplace transform of current components are achieved.
, ,
Where  i is the time-constant for the current controller.
The set-points are defined by voltage control blocks and load dynamics. Dynamics of the voltage is termed by the following state-space equations.
Considering space-phasor model in SRF, obtains: 
The time-domain equation with separating the real and imaginary components, deduces:
Where ω , the angular frequency of the output voltage, and θ is the angle between the stationary and the rotating frame sensed by the Phase Locked Loop (PLL) system. The overall control of the islanded DER unit is performed in SRF that makes the angleθ (t) against the fixed frame. Therefore, the frequency of all the variables is imposed by the voltage controlled oscillator (VCO) as drawn in (7) [19].
The master controller supplies the load directly in islanded mode and in contribution in grid connected mode. 
( , ,..., , , ) [20] . The control system for load and voltage regulation is drawn in Fig. 3 as will be discussed in the following section.
Control System
A current-control scheme establishes the core of the control scheme of the VSC. The function of the current control scheme is to regulate the d-q components of the ac-side current by means of the pulse-width modulation (PWM) switching strategy for three leg switches. In the scheme, which can be applied for the continuous-and discrete-time model, the dynamic behavior of output three phase currents abc i is described by the space-vector equation [19] . 
Where u d and u q are additional control inputs for scheme. In the islanded mode, the network frequency regulation spots down to the control of the output voltage [23] .
A. Inner Voltage and Current Control
The current-control is the innermost part of the DER control system. Based on the modified current control in [19] , the load voltage, v abc , must be regulated with load dynamic uncertainties. The regulation task involves the control of both frequency and voltage. The reference voltage for the phase-angle is voltage of PCC. In the case that the grid is not connected, the control system can follow the voltage of the PCC and provides the power for the load in islanded mode. The PCC line to natural voltage is given by:
Where the reference frame is rotating by the angular frequency of ω . Taking Laplace transform from both equations, gives:
Considering the first order transfer function included in the current control process, we can eliminate the DC gain resulting a new function which has a zero DC gain 
The controller is designed using the SISO methods. The designed controller provides sufficient robust stability margins for the overall closed loop system [24] .
B. Frequency Control
In the Fig. 4 (b) , v qref is issued by another control loop to regulate ω. For this loop, the compensator k ω (s) can be a pure gain or a PI compensator. This however results in no steady-state error and includes the overall voltage control:
The PLL gets , The objective is achieved by the closed-loop structure illustrated in Fig. 4 (b) . The transfer function of the closed loop frequency regulation can be formulated as:
The control strategy ensures fast regulation over both the frequency and the magnitude of the output voltage. In a multiunit application, the set points 
Simulation Results
To study the stability of the controlled inverters, the LV microgrid with two parallel controllable units is examined (the system of Fig. 1 ). Both units are equipped with the current controller and the Unit-1as matchable DER regulates the voltage at the PCC as well. Different case studies are carried out as detailed in this section in cases of transition to the islanded mode, sensitivity to the delayed islanded detection, voltage and frequency tracking for different reference frequency determinations and further, instabilities caused by the mismatch in the microgrid configuration.
A. Transition between Two Modes of Operation
Toward a stable transition from the grid-dominant to the pure inverter supply, the adopted controller is responsible to provide the frequency synchronization in the multi-unit system. In the grid-connected mode, each unit operates as a current-controlled VSC [20] . After an islanding event and upon islanded detection, the matchable unit activates the master controller to regulate the voltage and frequency of the remained network. The load behavior directly affects the transfer function in the autonomous mode. Fig. 5 shows the voltage response for the PCC upon an islanded event. Due to the different condition, the PCC voltages have to be settled down to the new reference value during the transition process. The results of Fig. 5 verify the feasibility of the transition phenomenon in the twoparallel unit system. Fig. 6 shows the frequency response of the multi-unit system during the transition. The Fig. 6 (a) illustrates the angular frequency of the output voltage while the frequency is fixed in islanded mode.
In this approach, f 1 is reduced frequency to supply a non-sensitive load and maintaining the voltage in desired value. The frequency f 2 is a fixed reference frequency equal to the grid frequency while the power configuration is practically matched to the previous state. The Figs. 6 (b) and (c) show the frequency response in two different frequency synchronization methods. In the upper case, the frequency is observed by a normal PLL provided in PSCAD and the lower figure shows the result from the frequency controller as depicted in Fig 4 (b) . Seeing figures 5 and 6 (b); v q and ω remain constant subsequent to the changes in v sd which is due to the dynamic decoupling strategy.
B. Reference Voltage Tracking
The voltage control is supposed to set the magnitude at a constant value across the AC feeder. But, the reference voltage is changed in this simulation case in order to test the stability in voltage dynamics. The reference voltage steps down and up and results in Fig. 7 indicate the voltage components in SRF tracking the reference. Fig. 7 shows the response of two unit system without v q feedback loop and through a stepwise change in reference value. The Unit-2 normally injects a portion of the load current while the matchable DER unit regulates the PCC voltages at the constant value and delivers the load with the remainder of its demanded current in islanded mode as shown in Fig. 8 . The results illustrate the response of the islanded system in the partially-loaded and full-load condition. Since the slave controller operates in current control mode, its output currents are not affected by the voltage after islanded detection. However, the master controller currents change significantly to provide the load with its demanded power continuously. distributed energy storages while partially load. In the other hand for increased load demand the additional power can be supplied by the storage system. As shown in Fig. 8 , the Unit-2 keeps its previous state regarding power flow.
C. Undetected Events
When the islanding mode is detected after a time delay, the frequency of the system is oscillating and the current injected by the master controller is likely to be zero during the interval time. At time instant t = 0 4 s, the main switch is opened, but the islanding is detected and operated at t = 0.5 s. As shown in Fig. 9 , after switching the PCC voltage waveform is highly distorted because of the frequency variation and instability in PLL. Due to the lack of voltage regulation, the magnitude of the PCC voltages slightly fluctuates immediately after the islanding event and prior to the control transfer instant.
D. Instabilities and Stable Region
The voltage and current waveforms of coupled two unit system in case of mismatch coupling condition are shown in Fig. 10 . The controller parameters are likely to be varied to find the new point that the single unit system has a sufficient stability. Initially, the switch-1 (Fig. 1) is close, Unit-1is operating and providing the load demand in a lower rating. At the instant t = 0.5 s the switch-2 is closed and the Unit-2 is contributes in supplying the load. The harmonic spectrum of the output current produced by the master converter is shown in Fig. 11 . This figure shows the sub-harmonic occurred in the output current components in case of parallel converters. The subharmonic content is significantly higher than the reference frequency of the system. Such instability is due to the coupling of tied inverters with different inductors.
It depends on the component tolerance variation in the controller limits (in this case 2% inductance variation is allowed). Design parameters outside of this limitation are avoided because of the lack of coupling requirements. Further definitions are respect to the determination of stability margin for coupling of parallel converters against the grid or in autonomous mode.
Conclusion
Dynamic analysis of the autonomous operation of parallel connected DER interfacing converters has been presented in this paper. Based on the control strategy, the master controller regulates the voltage and frequency of the islanded system and other units as the static units are responsible for the power flow using grid tied power control in SRF. The system stability and robustness of the control scheme has been tested in a multi-unit microgrid system. The performance analysis has been done in different cases such as transition performance, frequency regulation and dynamic stability evaluation. Given the stability of power coupling in the proposed scheme, exemplification is then provided for the mismatch coupling condition, when each unit has its specific coupling impedance. In this case, the network has a stability margin which depends on the impedance configuration and limited further by the control bandwidth.
Appendix
Parameters of each DER unit and the utility system which are used in this study are summarized in Table I . 
